The purpose of this research are to study the temperature influence in hydrocracking process of the nyamplung oil (Calophyllum inophyllum) using a non-sulfided CoMo/γ-Al2O3 catalyst and to develop a simple kinetic model in interpreting the data of hydrocracking products. The experiment was carried out in a pressurized batch reactor operated pressure up 30 bar. The CoMo catalyst supported with γ-Al2O3 was prepared through impregnation method without sulfidation process. The operating temperature varied from 200 to 350 o C. The results show that the non-sulfided CoMo/γ-Al2O3 catalysts, nyamplung oil triglycerides can converted into gasoil and gasoline-like hydrocarbons. The triglyceride hydrocracking reaction of nyamplung oil followed a several stages, i.e., hydrogenation, dehydrogenation, and cracking. Based on the compounds contained in liquid product, hydrocracking reaction was dominated by decarboxylation. The products obtained in hydrocracking process of nyamplung oil are classified to gasoil (C11-C18) and gasoline (C5-C10). The triglycerides hydrocracking reaction of nyamplung oil was assumed by following a series reaction mechanism and a simple kinetic model used for determined the kinetics constants. The highest reaction conversion is 99.10% obtained at temperature of 350 °C for 160 minutes reaction time.
Introduction
Liquid fuels such as gasoil and gasoline from petroleum have been still widely used for transportation and industry sector. The advantages of these fuels include storage and distribution easier so it is considered more efficient to use. Along with the development of transportation and industrial activity, the use of fuel continues to rise. Although the alternative fuel sources such as fuel gas has been found, gasoil and gasoline are still favored as fuel. Therefore, the addition of fuel reserves from vegetable oils may help to prevent the emergence of problems due to the depletion of oil reserves. Vegetable oil is one of considerable potential feedstock because of renewable resource. Biofuel derived from vegetable oils produces lower pollutants in application as a fuel even nitrogen and sulfur-free [1] .
Many vegetable oils have a molecular structure which can be converted into fuel. In general, the vegetable oil triglycerides consist of saturated and unsaturated fatty acids such as lauric acid (C12H24O2), myristic acid (C14H28O2) , palmitic acid (C16H32O2), stearic acid (C18H36O2), oleic acid (C18H34O2), linoleic acid (C18H32O2), linolenic acid (C18H30O2), arachidic acid (C20H40O2), gadoleic acid (C20H38O2), behenic acid (C22H44O2), and erucle acid (C20H42O2), lignoceric acid (C24H48O2) [2] . These triglycerides can be converted into gasoline, kerosene and diesel. At the beginning of the process, triglycerides are converted into nparaffins as the main hydrocarbon product and release CO2 and H2O as by-products. To convert triglycerides into hydrocarbon, the chemical reactions (including hydrodeoxygenation, decarboxylation, and decarbonylation) took place at a temperature of 300-450 °C and a hydrogen pressure of 3 MPa [3] .
Several operating units have been applied in the petroleum refining process, that is, hydrocracking, hydrodesulfurization (HDS), hydrodenitrogenation (HDN), hydrodeoxygenation (HDO), catalytic cracking, etc. Currently, hydrocracking process can be used to produce vegetable oil based-fuel. Catalyst and hydrogen are used in hydrocracking so that this process is categorized in the process of hydrogenation and catalytic cracking. Hydrogen plays a role in the hydrogenation process and catalyst supports cracking reactions. This process may present several advantages namely: oxygen removal, olefins saturation, sulfur removal, etc. Additionally, hydrocracking can also convert heavy fractions of crude oil into the environmentally friendly fuels [4] .
The catalyst used in the hydrocracking consists of two functions, i.e. acid function and metal function, so that it can be called as bifunctional catalyst. This type of catalyst has a role in the hydrogenation process and the formation of carbonium ion. Several previous studies have used bifunctional catalyst to produce fuel. The activity of the CoMo/γ-Al2O3 catalyst increased after tungsten (W) added. The CoMoW/γ-Al2O3 catalyst activity resulted in a reaction conversion of 93% at temperature of 350 o C, pressure of 40 bar for 2 h [5] . With CsxH3-xPW12O40 catalyst, n-decane was converted into the main reaction product (C4-C6), C2, and C8 hydrocarbon. Meanwhile, C1 and C9 were produced in cracking and hydogenolysis reaction with the presence of acid site and metal site [6] .
According to previous study, the reaction kinetic occurred in hydrocracking varied greatly and depended on the reaction mechanism obtained. The kinetic model of heavy oil hydrocracking in CSTR had seven stages to generate ten reaction rate constants. In the first stage, the product obtained by the order were vacuum residue (VR), vacuum gas oil (VGO), middle distillates (MD), naphtha (N), the final product gases (G). Furthermore, the second stage of reaction process was VR → MD → N → G, the third stage: VR → N → G, was proceeded with the next stage of the reaction, that is, VR → G, the fifth stage: VR → VGO → N, then VR → VGO → MD → G and VR → VGO → G [7] .
Before used, metal catalysts, like cobalt (Co) and molybdenum (Mo) or NiMo, are subjected to sulfidation using gas mixtures H2S/H2 or S/H2, for activating the metal sites on the surface of catalysts [8, 9] . The use of catalysts in sulfidation process may yield non environmentally friendly products as a result of sulfur contamination [10] . One of the unfavorable impacts for the catalysts (deactivation) is sulfur where the sources are derived from gases, H2S [11] . Therefore, it is necessary to develop a catalyst to obtain products that are environmentally friendly.
This study used nyamplung oil as triglycerides source and applied hydrocracking process with non-sulfided CoMo/γ-Al2O3 catalyst as bifunctional catalyst. The use of this type catalyst without sulfidation process can prevent the use of toxic substances like H2S and more economical. The hydrocracking using nonsulfidation catalyst produced environmentally friendly liquid fuel [12] . Therefore, the aims of this research are to study the temperature effect in hydrocracking process of the nyamplung oil (Calophyllum inophyllum) using a non-sulfided CoMo/γ-Al2O3 catalyst and to develop a simple kinetic model in interpreting the data of hydrocracking products in a highpressure batch reactor.
Materials and Methods

Materials and chemicals
Co(NO3)2·6H2O and (NH4)6Mo7O24·4H2O were provided by Merck with purity of 99%, while the γ-Al2O3 catalyst as support material was also obtained from Merck (p.a.).
Preparation of catalyst
The catalyst used in this study was prepared by the wet impregnation method or incipient wetness impregnation. The catalyst consisted of Co and Mo as catalyst active element and promoter and γ-Al2O3 as a support. The CoMo catalyst was made from cobalt(II) nitrate hexahydrate [Co(NO3)26H2O] and ammonium m o l y b d e n u m ( V I ) t e t r a h y d r a t e [(NH4)6Mo7O24·4H2O]. After the suspension of Co(NO3 )2 6H2 O was added to the (NH4)6Mo7O24·4H2O, the suspension was stirred until solid phase formed, then was dried at a temperature of 110 o C for 8 h, and was further calcined at a temperature of 500 o C for 3 h. Furthermore, the CoMo catalyst was impregnated on γ-Al2O3. This mixture was stirred until a solid phase was formed, then was dried at a temperature of 110 o C for 8 h. Afterward, this catalyst was calcined at a temperature of 500 o C for 5 h to produce the CoMo/γ-Al2O3 catalyst.
Characterization of catalyst
The BET surface area of CoMo/γ-Al2O3 catalyst was measured by N2 adsorptiondesorption technique (NOVA instrument 1994-2007, Quantachrome Instruments version 10.01). The following Brunauer-Emmett-Teller (BET) analysis method was used to identify the catalyst volume surface. Samples were added to the sample cells with 3 hours of outgas time and 573 K from outgas temperature. Nitrogen gas has been used and bath temperature of 77.3 K. Pressure tolerance for adsorption / desorption was 0.100/0.100 with equil time of 180/180 sec (ad/des), equil timeout of 360/360 sec (ad/des), and the approximation of time analysis of 67.4 min.
The characterization of the catalyst was also conducted by using X-ray diffraction (XRD) to identify the catalyst composition and the smallentrepreneur Latine form of the catalyst crystal. The catalyst sample was placed on the sample container, using Philips PN-1830 with CuKα radiation 1,5406 Å at 40 kV and 30 mA. Samples are scanned in 2θ range of 5-90 o with step size of 0.017 and time step 10.15 s.
Hydrocracking of nyamplung oil
Hydrocracking of nyamplung oil was conducted using an autoclave at a reaction temperature of 350 °C and pressure of 30 bar. The type of reactor used was a 600 mL pressure batch reactor (model 4563 series) with system specifications, that is, moveable vessel with a height of 36 in, a width of 12 in and a depth of 18 in), magnetic stirrer (models No. A1120HC6), and heating mantle. The catalyst materials used as promoter of Co(NO3)2·6H2O and (NH4)6Mo7O24·4H2O with 10 % loading, were provided by Merck with purity of 99%, while the γ-Al2O3 catalyst as a support material was also obtained from Merck (p.a). The hydrocracking product was analyzed by GC-MS (gas chromatography-mass spectrometry). It can be analytically qualitative and quantitative. The component will be detected by means of the instrument with the model of the capillary number column of Agilent 19,091 S-493, HP-5MS 5% Phenyl Methyl siloxane, nominal length: 30.0 m, nominal diameter: 250 um, nominal thickness of film: 0.25 um, and a nominal initial pressure of 10.5 psi.
Result and Discussion
The characterization of catalyst
Before BET surface area analysis, the catalyst was degassed at 300 o C for 3 h and nitrogen isotherms of catalyst were obtained at 77. Table 1 .
Diffraction patterns of catalyst samples were analyzed with a X-ray diffractometer using Cu-Kα radiation (λ = 1.54056 Å). The sample was measured in the 2θ range from 0 to 90 o . Figure 1 In this present research, metal oxides existing in the surface of the catalysts function to bond hydrogen so that nyamplung oil undergo hydrogenation to form saturated bonds. Hydrocracking process is able to yield better quality products than those usual cracking process. Hydrogenation is one of the existing processes in hydrocracking that enhances higher quality product. The support of the catalyst functions to elucidate ion carbenium for cutting off long bonds of carbon chains.
Hydrocracking reactions require good catalysts, indicated by the wide of the surface area; thus, in the present study it is figured out that the wide of the surface areas range from CoMo/γ-Al2O3 (Table 1) . Hence, based on the analysis using XRD and BET method, the surface area required to employ cracking process is 100 m 2 /g minimum [13] . The research is conducted by making CoMo/γ-Al2O3 going with the criteria of catalysts cracking.
Effects of temperature
The hydrocracking reaction of nyamplung oil is affected by temperature and reaction time. Figure 2 shows that according to the catalytic activity test of CoMo/γ-Al2O3 catalyst at the various temperatures of 200, 250, 300, and 350 o C, the highest gasoil yield was obtained.
Gasoil and gasoline yields increased with the increasing reaction temperature. The gasoline yield increased significantly at reaction temperature from 300 to 350 o C. This phenomenon occurred because the resulting carbenium ion was longer formed in the hydrocracking reaction with high temperature so that the many long-chain hydrocarbon molecules were cleaved into the short-chain hydrocarbon molecules. As a result, the reaction conversion also increased with the increasing temperature. It can be seen in Figure 3 that shows the effect of reaction temperature on conversion of nyamplung oil. From Figure 3 , it can be seen that the highest conversion was achieved at a temperature of 350 o C.
Decarboxylation, decarbonization, and deoxygenation took place more effectively with increasing temperature. The cracking process will also increased with increasing temperature. Metal oxide found on catalyst surface can break hydrogen into hydrogen radical so that the hydrogenation, dehydrogenation, and cracking process occur. If hydrocracking was compared with the catalytic cracking, the hydrogenation process occurred only in hydrocracking to produce a quality product. In hydrotreating of sunflower oil, the reaction conversion increased with the increasing temperature with CoMo/γ-Al2O3 catalyst [14] . The same thing was found in petroleum refinery. Gasoil and kerosene yields increased at temperatures from 400 to 420 o C in hydrocracking process [15] .
With CoMo/γ-Al2O3 catalyst, gasoil yield produced from hydrocracking of nyamplung oil was greater than the other products. As shown in Figure 4 , gasoil yield increased significantly with the increasing reaction time from 20 to 120 min and decreased with the increasing reaction time from 140 to 160 min at temperature of 350 o C. It can be assumed that when the reaction time was greater than 120 min, gasoil was converted into gasoline. Table 2 presents the fatty acids composition in nyamplung oil which analyzed by gas cromatography-mass spectrometry (GC-MS) and consisted of saturated and unsaturated fatty acids. The oleic and linoleic acids were identified as monounsaturated and polyunsaturated fatty acids, respectively, while palmitic acid was identified as saturated fatty acid. The hydrogenation process was applied to convert triglycerides to obtain fatty acid.
The hydrocracking products
The products of hydrocracking nyamplung oil were grouped into gasoline range (C5-C11) and gasoil range (C12-C18). Hydrocarbon components contained in gasoil range (C11-C18) and gasoline range (C5-C10) may be identified as aliphatic and aromatic compounds. Some of the compounds have isomers with the same number of C and H atoms but have a different bond structure. Hydrocarbon compounds found in gasoil range consisted of alkanes and alkenes. These long-chain hydrocarbon compounds can be converted into short-chain hydrocarbon compounds found in gasoline range product. Aromatic and aliphatic were also found in gasoline range, as presented in Table 3 . The existence of aromatic compounds in gasoline increases the octane number so that the high quality biofuel is obtained.
The mechanism of hydrocracking reaction
The presence of hydrogen and high pressure in hydrocracking process can support triglycerides conversion to fatty acids. At first, triglycerides were converted into trioleins. Furthermore, the trioleins was cracked into saturated and unsaturated fatty acids through hydrogenation and dehydrogenation reactions (1) .
After the formation of fatty acids, oxygen removal may be done through decarboxylation (2) , decarbonylation (3), and hydrodeoxygenation reactions (4) [16, 17] . In this work, reactions of (2), (3), and (4) were assumed to occur.
Decarboxylation
:
Hydrodeoxygenation :
The oxygen removal process through the above reactions will be followed by the cracking process in the presence of metal active site and acid site on catalyst. In principle, the longchain hydrocarbons were cleaved into shorterchain hydrocarbons because these active sites were the driving force of reactions. After the formation of carbenium ions, the short-chain hydrocarbons were obtained by cracking process (eqs. 5,6,7). As a result, gasoil was obtained and furthermore converted into gasoline. 
R-CH
The carbenium ion is a positively charged C atom due to lack of electron in the outer orbital. The stability of ion is tertiary > secondary > primary > methyl. The carbenium ion is formed in the presence of acid catalyst (Al2O3) as a Lewis acid and Brönsted acid. The Lewis acid sites accept electron and Brönsted acid sites donate proton. Furthermore, the carbenium ion cracks to accept and/or donate proton (H + ) so that reaction proceeds. This reaction process was began with the initiation followed by propagation and termination steps. 
Alkane product
Termination : R3-CH2-CH + -R4 → R3-CH2-CH + -R4 + H + (10) Alkane product
Initiation step is the early stapes of the formation of carbenium ions derived from alkenes and alkanes. Brönsted acid site donate proton to alkenes, while Lewis acid site accept electron. After the reactions release proton to produce alkanes, termination step occurs to produce alkenes. This condition will continue until it reaches a state of equilibrium reaction. The resulting product can be classed as gasoline.
Hydrocarbon compounds contained in liquid product does not contain water so that the triglycerides conversion is dominated by decarboxylation reaction. The decarbonylation and dehydrogenation reactions release CO and H2O. The hydrocracking reaction mechanism of triglycerides to gasoil and gasoline range hydrocarbons as described previously, the reaction kinetics model can be predicted. Three types of reactions can occur with following the irreversible-type first-order reaction, the firstorder reaction in series, and the first-order reaction in parallel. Based on these results in this work, the first assumption stated that the reaction occurred with following the first order irreversible reaction and gasoil was converted into gasoline as the main reaction.
The next assumption was the first-order reaction in series, whereas the triglyceride was converted into gasoil and then cracked into gasoline, with the following reaction:
Furthermore, it is predicted that this type of reaction is parallel reaction, i.e. the triglyceride was converted directly into gasoil and gasoline.
With the sulfided CoMo/γ-Al2O3 catalyst, a kinetic model obtained in the hydrocracking of jatropa oil was related to parallel reaction. Triglyceride was converted into lights (C5-C8), middle (C9-C14), heavy (C15-C18), and oligomerized (>C18) hydrocarbons [18] . The type of heavy oil hydrocracking reaction in CSTR produced ten reaction rate constants. It's assumed that these reactions were a single reaction, series reactions, parallel reaction, and series-parallel reaction [19] . Three kinetic models in the previous study can be defined as a type of reaction that can occur in the triglyceride hydrocracking process of nyamplung oil using the non-sulfided CoMo/γ-Al2O3 catalysts. But according to Figure 4 that illustrate the product distribution of gasoline and gasoil in function of time, the product of gasoil initially increase with time, but then decreases. However, the products of gasoline always increase time. The reduction of gasoline will result in an increase in gasoline. These suggest that the series reaction mechanism, such as equation (13), is most probably to occur. Thus the calculation of kinetic data is based on this mechanism.
The reaction rate constants obtained for series reaction as equation (13) can be calculated from experimental data. The reaction rate constants for the triglyceride conversion of nyamplung to gasoil and gasoline with k 1 = 0.0076 and k 2 = 0.0063.
Conclusions
With the non-sulfided CoMo/γ-Al2O3 catalysts, nyamplung oil triglycerides can be converted into gasoil and gasoline-like hydrocarbons. The triglyceride hydrocracking reaction of nyamplung oil was proceeded by several stages, i.e. hydrogenation, dehydrogenation, and cracking. Based on the compounds contained in liquid product, the hydrocracking reaction was dominated by decarboxylation mechanism. The temperature of 350 o C was the optimum temperature in this study. Gasoil (C11-C18) and gasoline (C5-C10) were products obtained in hydrocracking process of nyamplung oil with following three kinetic models of reaction, i.e. the irreversible-type first-order reaction, the firstorder reaction in series, and the first-order reaction in parallel.
The reaction mechanism followed to produce product had several stages based on the performance of metal site and acid site on the catalyst. The composition of fatty acids in vegetable oil have also a role in the determining of hydrocarbon product. The most predominant fatty acid in nyamplung oil was oleic acid of 58.13%, while the other fatty acids were identified in small quantities, i.e. palmitic acid of 18.46%, linoleic acid of 12.26%, and stearic acid of 11.14%.
